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ABSTRACT
Motion of many comets is affected by non-gravitational forces caused by outgassing from their sur-
faces. Outgassing also produces reactive torques resulting in cometary spin evolution. We propose
that the two processes are correlated and show that the change of cometary spin rate over its heliocen-
tric orbit scales linearly with the amplitude of its non-gravitational acceleration. The proportionality
constant depends on the comet size and orbital elements (semi-major axis and eccentricity) and on
the (dimensionless) lever arm parameter ζ that relates the outgassing-induced torque and accelera-
tion. We determine ζ for 7 comets for which both non-gravitational acceleration and change of spin
period ∆P were measured and verify this relation. This sample spanning almost 4 decades in ∆P
yields log ζ = −2.21± 0.54, surprisingly small value and spread. We then apply our framework to 209
comets with measured non-gravitational accelerations and determine the objects most likely to exhibit
large spin period changes, ∆P & 20 min per orbit assuming rotation period of 10 hr and ζ compa-
rable to our control sample. These objects should be primary targets for future studies of cometary
spin variability, further constraining distribution of ζ. Lack of comets with very high expected spin
rate changes (which is not equivalent to having the highest non-gravitational acceleration) suggests
that (1) cometary fission due to outgassing-driven spin-up must be an important process and (2) the
distribution of ζ has a lower limit ∼ 10−3.
Subject headings: planetary systems — minor planets, asteroids: general — minor planets, asteroids:
individual
1. INTRODUCTION.
Motion of many Solar System bodies is known to be
affected by non-gravitational forces, which are not ac-
counted for by the combined effect of the Solar grav-
ity and planetary perturbations (Whipple 1950; Sekan-
ina 1981; Yeomans et al. 2004). These forces exhibit
themselves through changes of orbital elements of minor
objects, and are naturally explained as the reactive (jet)
forces due to outgassing — loss of volatiles from the sur-
face — powered by Solar heating (Bessel 1836; Whipple
1950; Marsden 1968, 1969). Non-gravitational acceler-
ation ang has been measured for several hundred Solar
System objects, both comets (Kro´likowska 2004; Szutow-
icz et al. 2008) and asteroids (Hui & Jewitt 2017).
Loss of volatiles should also affect the spin angular mo-
mentum of the outgassing body. Indeed, there is no rea-
son for the mass loss from the surface of any minor ob-
ject to be perfectly symmetric. Given the complicated
shapes of cometary nuclei, it is natural to expect the re-
active forces caused by ejection of volatile material from
the surface to not point through its center of mass in
general. As a result, reactive forces must affect not only
the translational motion of an object but also its spin
via the associated torques (Sekanina 1981; Jewitt 1997;
Samarasinha 2007). Net torque acting on a body can
change the direction of its spin axis (resulting in forced
precession) as well as its spin rate.
Common underlying origin — outgassing — suggests
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that non-gravitational acceleration and spin evolution of
comets should be correlated in some way. This possi-
bility was explored by Whipple & Sekanina (1979) who
showed (using a particular outgassing model) that the
rate of forced precession of the cometary spin axis should
be proportional to the amplitude of the non-gravitational
acceleration ang. In turn, spin precession may cause sec-
ular variation of the net non-gravitational linear acceler-
ation, since in many models ang depends on the geometry
of Solar illumination (i.e. incidence angle with respect to
local normal) of the cometary surface (Whipple & Sekan-
ina 1979; Sekanina 1984b).
Of course, in practice it is very difficult to deter-
mine observationally the direction of cometary spin axis
(Sekanina 1981; Jewitt 1997; Bair et al. 2018), not even
mentioning its variation in time caused by forced preces-
sion. On the other hand, it is much easier to measure
the rotation rate of a minor object and its variation. In-
deed, changes of spin period have been measured for sev-
eral Solar System comets (Mueller & Ferrin 1996; Knight
et al. 2012; Mottola et al. 2014; Bodewits et al. 2018).
And since period variation is just another manifestation
of spin angular momentum evolution (complementary to
forced precession3), one expects it to also be related to
the net non-gravitational acceleration in some way.
In this work we use simple heuristic arguments to
predict a direct correlation between the changes of the
cometary spin period and non-gravitational acceleration
acting on them (§2). We then use observations of the
3 Whipple & Sekanina (1979) modeled cometary nucleus as an
oblate spheroid with outgassing force pointing through the rotation
axis at every point on the surface. This geometry does not result
in changes of the spin rate. The fact that cometary spin rate vari-
ations are observed (§3) implies that this model is too simplistic.
2spin rate variability for a sample of comets to confirm this
correlation and to determine its characteristics, namely,
the value of the lever arm relating the non-gravitational
acceleration to the torque it produces (§3). We then
use this correlation to assess spin period variability for a
larger sample of comets with measured non-gravitational
accelerations (§4). We discuss the implications of our re-
sults in §5.
2. CONNECTING NON-GRAVITATIONAL ACCELERATION
AND SPIN EVOLUTION
We consider a very general picture of outgassing, in
which a specific reactive force per unit area f acts on
every surface element dS of the body. In general, f does
not have to be normal to the local surface and it could
be zero away from the active sites of mass loss. The full
non-gravitational force acting on an object is
Fng =
∫
S
f dS, (1)
where integration is carried over the full surface. In gen-
eral, Fng varies in time in the inertial frame because of
object’s rotation. Only the component along the instan-
taneous spin direction Ω does not average out to zero
and gives rise to the observed anomalous acceleration.
At the same time, the net torque acting on an object
is
T =
∫
S
R× f dS, (2)
where R is the radius-vector from the body center of
mass to a surface element dS. Note that in the body
frame the torque T is invariant with regard to object’s
rotation. Also, while the intensity of outgassing (and
value of |f |) definitely vary along the heliocentric orbit,
the direction of elementary torque R× f likely does not
change much.
Non-zero torque leads to evolution of the spin angular
momentum of the body S through S˙ = T, resulting in
the change of both the direction of S (forced precession)
as well as its magnitude. The former was explored by
Whipple & Sekanina (1979), and we focus on the latter
in this work. For our present purposes, the evolution of
the spin rate Ω = |Ω| can be adequately described as
(Samarasinha & Mueller 2013)
IΩ˙ = TΩ, (3)
where TΩ = T ·Ω/Ω is the magnitude of torque T along
Ω and I is the object’s moment of inertia with respect
to the Ω axis (the other components of T lead to forced
precession of the object’s spin).
In general, the integrals in equations (1) and (2) can-
not be directly expressed through one another. How-
ever, given their form, it is natural to expect the torque
T = |T| acting on the object to be related to the magni-
tude of its non-gravitational force Fng = |Fng| via some
”effective lever arm”. In other words, we should be able
to write
TΩ = ζDFng, (4)
where ζD is the effective lever arm (with the dimension
of length), D is the characteristic size of the object (e.g.
radius for a roughly spherical object), and ζ is the di-
mensionless ”lever arm” parameter.
Coefficient ζ accounts for the non-central nature of
mass loss from the object’s surface and provides a simple
connection between TΩ and Fng. A purely central mass
loss (with f passing through the center of mass at any
point on the surface) would result in ζ = 0 — i.e. no
torque, but a non-zero force in general. At the other ex-
treme, net force averaging to zero may still give finite TΩ,
meaning ζ →∞. However, for a random distribution of
multiple outgassing sites over a non-spherical surface one
should probably expect ζ . 1.
Obviously, given TΩ and Fng one can always define ζ
simply as a dimensionless coefficient relating the two via
equation (4). However, it is also natural to expect that
in a large sample of objects ζ may be distributed in a cer-
tain way, which eventually reflects (possibly in a rather
complicated fashion) the geometry of outgassing, distri-
bution of object shapes, number of active sites, etc. In
the following (§3) we will operate based on this premise
and will use observations to determine the gross charac-
teristics of such a distribution of ζ.
Equations (3) and (4) can be combined into
Ω˙ = ζ
DM
I
ang, (5)
where ang = |ang| is the magnitude of the non-
gravitational acceleration defined through Fng = Mang.
This relation illustrates the expectation of a direct corre-
lation between the variation of the spin rate (or period)
of a minor object and the magnitude of its outgassing-
induced linear non-gravitational acceleration ang. Note
that, unlike the forced precession rate4 derived by Whip-
ple & Sekanina (1979), Ω˙ is independent of the spin pe-
riod of an object.
3. DETERMINATION OF THE LEVER ARM PARAMETER
ζ BASED ON THE SOLAR SYSTEM DATA
In this section we verify the correlation (5) between ang
and spin evolution using information about spin period
changes of some Solar System objects. This exercise also
allows us to estimate the typical value of the dimension-
less parameter ζ.
There are more than 200 comets, for which the non-
gravitational acceleration measurements are reported in
the JPL Small Body Database5. However, the changes
of the spin period ∆P (or spin rate ∆Ω) have been mea-
sured for only several comets. Seven of these objects,
listed in Table 1, also have measurements of their non-
gravitational acceleration available to us, making pos-
sible the determination of ζ. There are several other
comets for which rotation period variations were re-
ported, e.g. C/2001 K5 (LINEAR) (Drahus & Waniak
2006) and C/1990 K1 (Levy)6 (Schleicher et al. 1991;
Feldman et al. 1992), however, we were not able to find
the non-gravitational acceleration data for them.
For simplicity we treat the comets listed in Table 1
as spheres of uniform density with effective radius D =
R, so that their moment of inertia is I = (2/5)MR2.
Then one can use equation (5) to write the change of Ω
4 Which obeys a relation very similar to (5).
5 https://ssd.jpl.nasa.gov/?comets
6 Also known as Comet Levy (1990c).
3TABLE 1
Solar System objects with measured non-gravitational acceleration and spin period changes
Name a e R (Ar , Aϕ, An) P ∆P/orbit ∆Ω/orbit ∆Ω1 ζ Ref.[
au
] [
km
] [
10−10 au d−2
] [
hr
] [
min
] [
s−1
] [
s−1
]
2P/Encke 2.2 0.85 2.4
(
−0.4±0.47,−0.07±0.03, 0.0
)
a 11 4 9.6× 10−7 3.04× 10−4 0.031 1,2
9P/Tempel 1 3.15 0.51 2.8
(
−31±14,−0.2±8.8,−4.2±2.1
)
41 -14 2.4× 10−7 3.62× 10−4 6.7× 10−4 1,2,3
10P/Tempel 2 3.07 0.54 6.0
(
2.3±0.3, 0.1±0.02, 1.8±0.3
)
9 0.27b 9.7× 10−9 1.93× 10−5 0.005 1,2,4,5
19P/Borrelly 3.6 0.62 2.5
(
19±0.2,−0.78±0.07, 2.8±0.3
)
28 40 1.5× 10−6 3.0× 10−4 0.0048 2
67P/C-Gc 3.46 0.64 1.65
(
11±0.2,−0.37±0.05, 2.5±0.16
)
12 -21 4.4× 10−6 3.2× 10−4 0.014 2,6
103P/Hartley 2 3.47 0.7 0.58
(
7.6±0.5, 2.5±0.02, 0.0
)
18 150 1.2× 10−5 8.3× 10−4 0.014 1,2
41P/T-G-Kd 3.08 0.66 0.7
(
170±2, 43±2, 14±1
)
20 > 1560 4.9× 10−5 1.56× 10−2 0.003 7
Notes: For every comet we list semi-major axis and eccentricity of its heliocentric orbit, effective physical radius, 3 components of the non-
gravitational acceleration at 1 au (assuming Marsden et al. (1973) model (8)), rotation period, its change over an orbit, change of spin rate
over an orbit, ∆Ω1 defined by equation (11), and lever arm parameter ζ defined by equation (4).
Key to references: (1) Samarasinha & Mueller (2013), (2) Mueller & Samarasinha (2018), (3) Belton et al. (2011), (4) Mueller & Ferrin (1996),
(5) Knight et al. (2012), (6) Mottola et al. (2014), (7) Bodewits et al. (2018). Data on (Ar , Aϕ, An) come from JPL Small Body Database
(https://ssd.jpl.nasa.gov/?comets)
aFor 2P/Encke Small Body Database does not compute An, so we set it to zero. Also, a non-standard form of g(r) is used in the database.
For that reason we used Aϕ = −7 × 10−12 au d−2 from Sosa & Ferna´ndez (2009), which is based on the conventional Marsden et al. (1973)
model, and scaled up the value of Ar from the database correspondingly.
bFor this object Table 3 of Bodewits et al. (2018) cites incorrect value of ∆P/orbit: 2.7 min instead of the correct 0.27 min (Mueller & Ferrin
1996; Knight et al. 2012).
cComet 67P/Churyumov-Gerasimenko.
dComet 41P/Tuttle-Giacobini-Kresa´k.
accumulated over the full heliocentric orbit of an object
as
∆Ω = 5ζR−1
∫ ra
rp
ang(r)
dr
vr
, (6)
where rp = a(1− e) and ra = a(1 + e) are the perihelion
and aphelion distances, correspondingly, and vr is the
heliocentric radial velocity.
Clearly, ∆Ω depends on the radial profile of the non-
gravitational acceleration ang(r). It is customary to
parametrize ang(r) using a simple model
ang(r) = Ag(r), A = (Ar , Aϕ, An), (7)
where the dimensionless function g(r) describes the ra-
dial dependence of the non-gravitational acceleration. It
is customary to define g(r) such that g(1 au) = 1. Con-
stant vector A sets the amplitude of acceleration vector;
it has components Ar, Aϕ in the radial and azimuthal di-
rections, correspondingly, in the plane of the orbit, and
An normal to it; we depart from the conventional nota-
tion A = (A1, A2, A3).
Many different prescriptions have been proposed for
the scaling function g(r) (Yeomans et al. 2004). The
most commonly used expression for g(r), motivated by
the expected water sublimation rate powered by Solar
heating, is due to Marsden et al. (1973):
g(r) = α
(
r
r0
)−m [
1 +
(
r
r0
)n]−k
, (8)
where α = 0.1113, m = 2.15, n = 5.093, k = 4.6142,
and r0 = 2.808 au, so that g(1 au) = 1. Note that this
expression assumes water vapor production to be sym-
metric with respect to the perihelion of the orbit, which
may not be accurate because of thermal inertia. There
is a number of refinements to the prescription (8), e.g.
accounting for the time lag in water vapor production
Fig. 1.— Values of the dimensionless lever arm parameter ζ
defined by equation (4) for 7 Solar System comets with simulta-
neously measured period change (over an orbit) ∆P and the am-
plitude of non-gravitational acceleration. Calculation is based on
equations (10)-(11). Horizontal solid and dashed lines correspond
to the mean of log ζ and 1σ standard deviation from it (correspond-
ing values of ζ are labeled in red).
(Yeomans & Chodas 1989), secular drift of A (Aksnes &
Mysen 2011), changing orientation of the cometary spin
axis (Whipple & Sekanina 1979; Sekanina 1981), subli-
mation of other species, i.e. not just water (Sekanina &
Kracht 2015).
Despite these improvements, in this work we employ
the conventional prescription (8) for computing ∆Ω. The
main reason being that the non-gravitational measure-
ments reported in the Small Body Database assume this
model, and we want to be internally consistent in this
regard.
For an elliptical Keplerian orbit with a semi-major axis
a one has
vr =
(
GM⊙
a
)1/2
r−1
√
(ra − r)(r − rp). (9)
4Plugging this expression into equation (6) we find
∆Ω = ζ∆Ω1, (10)
where
∆Ω1 = 5
A
R
√
a
GM⊙
∫ ra
rp
rg(r)dr√
(ra − r)(r − rp)
(11)
is the characteristic value of ∆Ω reached when the
lever arm parameter ζ = 1. Also, we defined A =√
A2r +A
2
ϕ +A
2
n to account for the fact that all three
components of the reactive force Fng acting on the comet
can lead to its spin evolution.
We can now determine the values of the lever arm
parameter ζ for every comet listed in Table 1. Using
the known orbital elements a and e of these objects,
as well as the information on their sizes R and non-
gravitational acceleration components A, we compute
∆Ω1 using equation (11). We then use equation (10) and
observed change of the spin rate ∆Ω to find the value of
ζ = ∆Ω/∆Ω1 for each comet.
Results of this exercise are listed in Table 1 and are
also shown in Figure 1. The error bars reflect only the
uncertainty in the determination of A. Uncertain size
and shape of many of these comets would introduce ad-
ditional systematic uncertainty at the level of tens of per
cent. At the same time, it is important to note that
our determination of ζ is independent of the cometary
bulk density, which is one of the particularly poorly con-
strained characteristics (Sosa & Ferna´ndez 2009, 2011).
One can see that, as expected, ζ < 1. Also, the val-
ues of ζ show substantial variation (although the most
dramatic outliers also have the biggest errors in the de-
termination of their ang). However, one has to keep in
mind that they are computed for objects with ∆Ω span-
ning almost 4 orders of magnitude.
Considering these values of ζ as a realization of an
underlying distribution of log ζ, we find the mean and
standard deviation of this distribution to be
〈log ζ〉 = −2.21, σlog ζ = 0.54. (12)
Values of ζ corresponding to the mean of log ζ, and devi-
ating from it by ±σlog ζ are ζ = 0.006, 0.0017, and 0.021,
correspondingly.
In Figure 2 we plot the observed ∆Ω against the ”mean
theoretically expected” value ∆Ωth = 10
〈log ζ〉∆Ω1, com-
puted using equations (11) and (12). We also do the same
for the observed change in period ∆P and the ”mean the-
oretically expected” value7 ∆Pth = P
2∆Ωth/(2pi). Solid
and dotted lines in this Figure reflect the mean and stan-
dard deviation of log ζ in the relation (10).
Figure 2 clearly illustrates a strong positive correlation
between ∆Ω and ∆Ωth (or ∆Ω1); the Spearman’s rank
correlation coefficient is 0.786. This dataset is consistent
with the linear dependence predicted by equations (10)-
(11), thus fully supporting our hypothesis of a direct con-
nection between the non-gravitational acceleration and
torques acting on outgassing objects, see equation (4).
This gives us confidence in extending this idea to other
minor objects.
7 The small ∆Ω/Ω assumption used in this expression is violated
for comet 41P/Tuttle-Giacobini-Kresa´k, see Table 1 and Bodewits
et al. (2018).
4. EXPECTED SPIN EVOLUTION OF COMETS
As mentioned before, determinations of spin period P
(or its variation ∆P ) are not available for the majority
of comets with measured non-gravitational accelerations.
This means that we cannot determine the value of the di-
mensionless lever arm ζ for these objects. Nevertheless,
for each comet we can still use equation (11) to com-
pute its ∆Ω1 — the change of spin frequency per orbit if
the lever arm parameter ζ were equal to unity. Knowing
∆Ω1 and assuming that the determinations of ζ in §3
reflect the true distribution of the lever arm parameter
for all comets, we can then predict the expected variation
of the spin rate per orbit for all comets with measured
ang. In some sense, this procedure is inverse to what has
been done in §3. To perform this calculation, we used
the Small Body Database to extract a sample of 209 So-
lar System objects with measured components of A in
at least one direction. We used their orbital parame-
ters listed in the Database, as well as the information on
their sizes, when available, to compute ∆Ω1 using equa-
tion (11). When no information on size was available,
we arbitrarily set R = 10 km, which likely leads to an
underestimate of ∆Ω1. Note that this calculation does
not use information about the rotational periods of these
comets, which are not known in most cases.
Results of this exercise are presented in Figure 3, where
we plot ∆Ω1 vs A = |A| for each of these objects (us-
ing different symbols for objects with and without size
determinations). This Figure reveals a general trend of
higher ∆Ω1 for objects with larger A, which is to be
expected since ∆Ω1 ∝ A. However, there is a large scat-
ter around a simple linear relation due to the disparity
of orbital and physical parameters of individual objects,
which also enter equation (11).
In Figure 4 we plot ∆Ω1 for the same objects but now
as a function of their periastron distance rp. There seems
to be a general trend of objects with higher rp to have
lower ∆Ω1, which is expected because of the steep radial
dependence of g on r, see equations (8) and (11).
There are two sets of horizontal lines in Figures 3
and 4. The upper (red) solid curve (at ∆Ω1 ≈ 0.3
s−1) corresponds to spin-up to period Pcrit = 1 hr from
a non-rotating state, assuming a lever arm parameter
ζ = 10〈log ζ〉 ≈ 0.006, characteristic of the comets used in
§3. The dotted lines mark a standard deviation (in log ζ)
from this value of ζ, see equation (12). We do not expect
comets to survive at spin periods . Pcrit because rota-
tional fission would destroy such rapidly spinning objects
(Davidsson 1999). Fragmentation of comets is not an
uncommon phenomenon (Sekanina 1984a; Ishiguro et al.
2009; Steckloff et al. 2015; Jewitt et al. 2016), although
its precise causes are still debated.
Lower (blue) curves correspond to 102 times lower ∆Ω
and ∆Ω1 (for the same assumptions regarding ζ). This
value of ∆Ω corresponds to e.g. a period change of
|∆P | = |2piζP−2∆Ω1| = 1 hr per orbit for an object
initially spinning with P = 10 hr period (which is rather
typical for comets, see Table 1). Objects above this set
of curves should accumulate measurable changes of their
spin periods in a single orbit, even if the uncertainty of
period measurement is about an hour. One can see that
a substantial number of Solar System comets belong to
this category.
5Fig. 2.— Comparison of the observed changes of (a) spin rate ∆Ω and (b) period ∆P of the comets listed in Table 1 with the corresponding
theoretical predictions based on equations (10)-(11), assuming lever arm parameter ζ = 0.006 (corresponding to 〈log ζ〉 in equation (12)).
Solid and dotted lines correspond to the mean and standard deviation of log ζ in the relation (10). Note a strong correlation between the
observed and theoretically predicted values over several decades in ∆Ω and ∆P .
In Table 2 we list all comets for which our calculations
give ∆Ω1 > 10
−3 s−1, translating into |∆P | > 20 min
per orbit for initial P = 10 hr and ζ = 0.006. In reading
this table it should be remembered that many objects
do not have reliable size measurements; we set R = 10
km for them, which likely results in underestimating the
true value of ∆P . Also, measurements of A often have
substantial uncertainty. Nevertheless, these comets are
still expected to be good targets for future measurements
of their spin variability.
4.1. Comets with highest ∆Ω1
Out of the full sample of comets used in this calcula-
tion, three objects with the highest ∆Ω1 end up lying
very close (or above) the breakup line in Figure 3. Here
we look at their properties in some more detail to under-
stand how their existence can be brought in accord with
the expectation of their rotational fission. Note that we
used R = 10 km for these objects; if they are smaller,
then ∆Ω1 would go up making rotational breakup even
more of an issue.
C/2015 D1 (SOHO) This comet (marked 1 in Fig-
ure 3) has a = 4.94 au, e = 0.99427, corresponding to
perihelion distance rp = 0.0283 au. Because of the low
rp its ∆Ω1 = 2.36 s
−1 is the highest among the Solar
System comets in our sample. This Sun-skirting comet
has, in fact, not survived its perihelion passage in 2015
(Hui et al. 2015). It is plausible that rotationally-induced
stresses have contributed to its destruction.
P/1999 J6 (SOHO) This Jupiter-family comet (2,
a = 3.1 au, e = 0.9842) is also a Sun-skirting object with
perihelion at rp = 0.0491 au; it has the second-highest
∆Ω1 = 0.52 s
−1. Despite its low rp and high ∆Ω1, it
has been observed over several orbits, which are clearly
affected by the non-gravitational effects (its dominant ra-
dial acceleration component A1 is determined with 40%
accuracy). Most likely explanations for why it has so
far survived rotational fission are (1) either a very low
value of ζ . 10−3 characterizing the non-gravitational
torque acting on it, or (2) poor characterization of its
non-gravitational force behavior (especially near perihe-
lion, where most of ∆Ωmax gets accumulated) by the
equation (8), see Sekanina & Kracht (2015).
205P/Giacobini-B Unlike the previous two objects,
this Jupiter-family comet (3, a = 3.6 au, e = 0.575) has
rather large perihelion distance rp = 1.53 au. Its high
∆Ω1 = 0.49 s
−1 is caused by large A. However, the value
of A listed in the Small Body Database has been deter-
mined based on only 19 d long orbital arc. This raises
a concern about the accuracy of the non-gravitational
acceleration measurement for this particular object.
5. DISCUSSION
Our finding of a clear correlation between the anoma-
lous (non-gravitational) linear acceleration of some minor
objects and variation of their rotational period (§3) has
important implications for Solar System comets, which
we discuss in more detail in §5.1.
The existence of this correlation should not come as
a surprise. Both the linear non-gravitational accelera-
tion and the torques affecting spin angular momentum
of a comet derive from the same physical process — out-
gassing from the cometary surface. Thus, it is natural to
expect that the two should be linked, which was noted
by Whipple & Sekanina (1979). However, the focus of
their work was on forced precession of the cometary spin
driven by non-gravitational torques, which is not ob-
servable directly. For that reason, Whipple & Sekanina
(1979) had to assume a particular model of outgassing, in
which ang itself depends on the comet spin orientation,
61
2 3
Fig. 3.— Change of the spin rate ∆Ω1 due to non-gravitational forces assuming lever arm parameter ζ = 1 accumulated over a single
orbit, computed for a sample of 209 Solar System comets with available data on the amplitude of the non-gravitational acceleration (i.e.
with measurable A). Filled hexagons represent objects with measured sizes; empty ones have no size information available and R = 10 km
is set for them. Cyan points represent 7 objects used in §3 for determining ζ. Horizontal solid curves correspond to rotation rate changes
∆Ω of 2pi/1 hr (red) and 2pi/100 hr (blue) for ζ = 0.006 (corresponding to the mean of log ζ as determined in §3); dashed lines illustrate
1σ deviation in log ζ. Three numbered objects are discussed in §4.1. See text for more details.
and to rely on ang measurements for comet 2P/Encke
spanning about two centuries to deduce the evolution
of spin orientation for this comet. Obviously, such ex-
tensive datasets are available for only for a handful of
comets: Sekanina (1984b) used the same approach to
study a century-long data set on comet P/Kopff.
Our work is different from Whipple & Sekanina (1979)
in that we focus on the period changes of comets — i.e.
changes of the magnitude of the spin vector S rather than
its orientation — which have been measured for a small
number of objects directly. This makes our and Whip-
ple & Sekanina (1979)’s approaches complementary. A
full treatment of the non-gravitational spin evolution of
comets should consider both the magnitude and the ori-
entation of S (Neishtadt et al. 2002; Sidorenko et al.
2008).
However, even with our simple heuristic approach we
are able to shed light on the non-gravitational torques
acting on comets. In particular, using observational data
(see §3) we estimated in a model-independent fashion
(i.e. not making any specific assumptions about the
shape of the nucleus or geometry of outgassing) the effec-
tive dimensionless lever arm parameter ζ, which relates
the non-gravitational acceleration and the torque due to
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Fig. 4.— Same as Figure 3, but now with ∆Ω1 plotted vs peri-
helion distance rp. Meaning of the horizontal lines, labels, etc. is
the same as in Figure 3. See text for discussion.
outgassing. This calculation assumes ζ to be constant
for a given object and considers changes of only the spin
rate, i.e. keeping spin axis fixed. These assumptions are
likely somewhat simplistic.
First, the geometry of Solar illumination changes as
the comet moves along its orbit, likely modifying the
distribution of active sites on the comet surface, which
would then change both ang and the non-gravitational
torques. As a consequence, parameter ζ defined by the
equation (4) is expected to vary along the orbit in gen-
eral. As our analysis focuses on the integral characteris-
tics of spin evolution — spin rate change per orbit and
normalization A of ang with a prescribed form of g(r)
(see equations (7) and (8)) — our results and statements
regarding ζ effectively apply only to its orbit-averaged
(in some complicated way) value.
Second, forced precession of the rotational axis (ne-
glected in our work) may significantly complicate the
outgassing-driven spin evolution of comets, possibly
making it somewhat stochastic (and better described as
a random walk process rather than a simple linear trend
in the most extreme cases).
Despite these potential issues, based on the strong
correlation established in §3 between the measured
cometary spin period changes and theoretical predictions
(Equations (10)-(11)), we believe that our framework
should still adequately describe the gross features of the
cometary spin evolution.
It is interesting to compare the small values of ζ . 10−2
inferred in our work with other similar calculations.
Whipple & Sekanina (1979) and Sekanina (1984b) mod-
eled comet nuclei as axisymmetric spheroids of small
oblateness α ≪ 1, spinning around their (minor) polar
axis, with axisymmetric (around spin axis) outgassing.
In this particular model the dimensionless lever arm pa-
rameter (different from ours as it applies to forced pre-
cession) is ζ ≈ α sin 2ψ, where ψ is the latitude of the
sub-solar point relative to the spin axis (0 < ψ < pi/2).
Assuming, very roughly, that ψ (which varies as comet
moves along its eccentric orbit) is uniformly distributed,
one finds ζ ∼ (2/pi)α. Whipple & Sekanina (1979) found
α ≈ 0.03 for 2P/Encke, which would result in ζ ≈ 0.02,
close to the upper limit implied by our estimate (12),
However, substantial rotational brightness modulation of
the nucleus of 2P/Encke found by Luu & Jewitt (1990)
is at odds with such small a value of α.
Using the same method, Sekanina (1984b) found high
oblateness α ∼ 0.15 for P/Kopff, implying ζ ∼ 0.1 for
this comet. This is substantially higher than our determi-
nations of ζ, implying that either this comet is an outlier
of the distribution of ζ, or that in some cases the model-
dependent approach of Whipple & Sekanina (1979) does
not fully capture the details of cometary spin evolution.
Jewitt (1997) evaluated outgassing torque and linear
acceleration by modeling comet as a rectangular block
with a single active site whose intensity is a harmonic
function of the Solar illumination angle. Taking his re-
sults at face value we find ζ = 2/pi, which is much larger
than our findings (12). For more realistic comet shapes
and multiple active sites Jewitt (1997) advocated smaller
asymmetry of outgassing resulting in ζ of a few tens,
which is still at least an order of magnitude larger than
our measurements. Based on observations of spin dy-
namics of 9P/Tempel 1 Belton et al. (2011) suggested
that asymmetry can be even lower (by about an order of
magnitude), which would bring ζ into the range of values
found in our work.
A number of past studies focused on details of out-
gassing process, e.g. the dependence of mass loss and
solar illumination on the cometary position along the
orbit, detailed shape of the nucleus, its thermophysical
properties, etc. However, majority of these investigations
focused on either the linear non-gravitational accelera-
tion (Sosa & Ferna´ndez 2009, 2011; Maquet et al. 2012;
Hui et al. 2015) or the variation of the rotation period
(Keller et al. 2015b; Mueller & Samarasinha 2018) sepa-
rately, which is insufficient for determining ζ. Our find-
ings will hopefully provide motivation for future studies
simultaneously accounting for both effects and their pos-
sible complicated interplay (Whipple & Sekanina 1979;
Samarasinha & Belton 1995; Keller et al. 2015a) that
could provide a direct estimate of ζ.
The small values of ζ found in this work are somewhat
surprising, as they imply that the effective lever arm for
application of non-gravitational force is very small com-
pared to object’s dimensions. In some cases this may
be explained by geometric factors. For example, if the
shape of the nucleus is close to spherical and outgassing
is predominantly normal to the local surface (setup en-
visaged in (Whipple & Sekanina 1979) who found rather
small effective lever arm for 2P/Encke), then the reac-
tive force f should be very close to central at every point,
giving rise to very weak torque. If, at the same time, the
amplitude of the reactive force |f | strongly varies over
the surface, then a substantial linear acceleration can be
accumulated. This situation would naturally result in
small ζ, and could be relevant for some comets in our
sample in Table 1.
However, some comets, e.g. 67P/Churyumov-
Gerasimenko, have highly non-spherical shapes, so that
8this argument would not work for them. In such cases
smallness of ζ may argue in favor of a large number of
active sites of outgassing randomly distributed over the
cometary surface, resulting in a statistical cancellation
(upon vector summation and averaging over the orbit) of
the torques provided by them. The issue with this expla-
nation may be that cancellation would also substantially
reduce the amplitude of the net linear non-gravitational
acceleration. However, if some systematic trend (e.g.
proximity to sub-solar point) regulates the power of the
outgassing vents, then ang may be suppressed less than
T upon vector summation over all outgassing sites, re-
sulting in small ζ. It may also be that, starting from
an arbitrary rotational state, cometary spin S evolves in
such a way over multiple approaches to the Sun as to min-
imize the net torque, something that is worth exploring
further (Neishtadt et al. 2002).
Relatively small spread of ζ that we found in this work
— about an order of magnitude (as 2σlog ζ ≈ 1) for ob-
jects with ∆P spanning 4 decades — also merits atten-
tion. To some degree, it could be a result of the small
size of the sample (7 objects) used to derive ζ. On the
other hand, there may be some other explanations, e.g.
the aforementioned long-term spin evolution converging
to some ”attractor state” (Neishtadt et al. 2002).
This discussion makes it clear that measurements of ζ
have a potential to help constrain the physics of cometary
outgassing — its geometry, intensity, etc. — at least in a
statistical sense. Better characterization of the distribu-
tion of ζ can have substantial impact on our understand-
ing of cometary activity. This provides strong motiva-
tion for increasing the number of objects with measured
∆P and ang. Right now the most basic properties of
this distribution represented by equation (12) are based
on a sample of only 7 objects. Targeted observations of
many other comets aimed at measuring their spin vari-
ations would allow us to characterize the distribution of
ζ much better. According to Figure 3, even period mea-
surements with uncertainly of tens of minutes may reveal
spin variability for dozens of comets with high ∆Ω1 (the
ones above the blue line in this figure).
The objects with highest ∆Ω1 listed in the Table 2
should have the best chance for revealing such changes,
even though only one comet from Table 1 (41P/Tuttle-
Giacobini-Kresa´k) has ∆Ω1 > 10
−3 s−1 necessary for
being listed in Table 2. Although we focused on studying
the spin period variability of comets, non-gravitational
forced precession (Whipple & Sekanina 1979; Sekanina
1984b) should also be substantial for these objects, likely
driving them into excited rotational state.
5.1. Implications for Solar System comets
Our calculations demonstrate that many Solar Sys-
tem comets (the ones with high ∆Ω1) should exhibit
rapid evolution of their rotation. Using equations (5)
and (7) one can estimate the characteristic timescale for
the cometary spin evolution τΩ = |Ω/Ω˙| as
τΩ=
4pi
5
ζ−1
R
PAg(r)
(13)
≈ 670 d [g(r)]
−1 R
1 km
×
(
ζ
0.006
A
10−8au d−2
P
10 hr
)−1
. (14)
This timescale is comparable to the time comets spend
in the inner Solar System (about a year), implying that
objects with A & 10−8 au d−2 (quite numerous in Figure
3) and perihelia within 1 au should experience substan-
tial changes of their period in a single orbit. Moreover,
comets with A & 10−7 au d−2 could be spun up to the
limit of rotational breakup in a single orbit even start-
ing from a non-spinning state. Of course, this estimate
assumes that the lever arm parameter ζ of such comets
obey the same distribution as for objects studied in §3.
In reality, situation is not as dramatic since many
comets with high A have perihelia outside 1 au, mean-
ing g(r) . 1 and longer τΩ. Indeed, only three objects
discussed in §4.1 are close to the ”breakup” (red) line in
Figure 3 as predicted by Equations (10)-(11).
Nevertheless, our results do suggest that rotational fis-
sion triggered by the non-gravitational torques is an im-
portant destruction mechanism for many comets, as ad-
vocated by many authors in the past (Samarasinha &
Belton 1995; Jewitt et al. 2016, 2017). Our adoption of
Pcrit = 1 hr as a period leading to rotational breakup is
rather conservative. Internally weak comets are likely to
fission at longer spin periods.
On the other hand, our estimates of ∆Ω based
on Equations (10)-(11) assume that non-gravitational
torques always spin up comets in the same direction,
keeping the rotational axis fixed. As mentioned before,
this assumption is likely only a rough approximation; re-
sulting departures from a simple linear trend in Ω would
slow down the spin-up of comets towards rotational fis-
sion.
Possibility of rotational fission provides an interesting
indirect constraint on the values of the lever arm pa-
rameter ζ. In Figure 3 there is only one object above
the (upper red dotted) line corresponding to spin-up to
Pcrit = 1 hr with ζ = 0.0017 (i.e. ζ = 10
〈log ζ〉−σlog ζ ),
and this object is C/2015 D1 (SOHO), which did not
survive its perihelion passage, see §4.1. If many comets
had substantially smaller values of ζ, then there would be
no reason for them to not populate the region ∆Ω1 > 1
s−1: given low enough ζ, even such large values of ∆Ω1
would still result in low enough ∆Ω to avoid rotational
fission, see equation (10). Our interpretation of the lack
of comets with ∆Ω1 > 1 s
−1, most susceptible to rapid
rotational evolution, is that there is a lower limit on the
values of their lever arm parameter, ζ & 10−3, so that
all objects with ∆Ω1 get spin up to breakup in a single
passage through the inner Solar System. In other words,
the lack of comets with high values of ∆Ω1 is due to a
”survival bias” caused by the important role of rotational
fission promoted by outgassing. This bias may also ex-
plain small values of ζ found in our work, as objects with
large ζ rapidly spin up and get preferntially destroyed by
rotational fission.
96. SUMMARY
We have investigated the relation between the non-
gravitational linear acceleration of comets and their spin
evolution driven by outgassing. In our work we focused
on spin period changes caused by the non-gravitational
torques, as opposed to other studies concentrating on
forced precession of the spin axis (Whipple & Sekanina
1979; Sekanina 1984b). Our main conclusions are listed
below.
1. Based on heuristic arguments we proposed a
simple linear relation between the variation of
cometary spin period (and rate) and the net non-
gravitational acceleration. This relation depends
on a single parameter — (dimensionless) effective
lever arm ζ, linking the non-gravitational torque
and acceleration.
2. Using a sample of 7 comets with measured ang and
spin period changes we verified the validity of this
relation. We also measured values of ζ for these
objects and found log ζ = −2.21±0.54 for the whole
sample.
3. Using our framework we computed expected
changes of spin period (per orbit) for a much larger
sample of comets (209 objects) with measured non-
gravitational accelerations. Assuming the inferred
distribution of ζ to hold for these comets, we
showed that several dozens of them should exhibit
spin period changes per orbit of order an hour. A
handful of comets may be in danger of rotational
fission because of their rapid spin-up due to out-
gassing torques. This process must be an impor-
tant channel of cometary destruction.
4. We advocate the use of ∆Ω1 — change of the
cometary spin rate in a single orbit evaluated for
lever arm parameter ζ = 1, defined by the equation
(11) — as a metric for assessing the potential of a
particular object to exhibit large changes of spin
period. This parameter can be used for guiding
target selection for measurements of cometary spin
variability, which would help us better constrain
the true distribution of ζ.
Our results will assist future observations of spin pe-
riod variability of comets, helping us better understand
physics of cometary outgassing. They could also be rel-
evant for spin dynamics of other minor objects, such as
asteroids, both in the Solar System (Jewitt et al. 2017)
and beyond (R. Rafikov, 2018, in preparation).
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TABLE 2
Solar System objects with measured non-gravitational acceleration and spin period changes
Name a e R Ar (A1) Aϕ (A2) An (A3) ∆Ω1[
au
] [
km
] [
au d−2
] [
au d−2
] [
au d−2
] [
s−1
]
C/2015 D1 (SOHO)a 4.94 0.99427 - 1.25× 10−6 0 0 2.36
P/1999 J6 (SOHO) 3.1 0.9842 - 3.9× 10−7 −1.89× 10−9 0 0.518
205P/Giacobini-B 3.60 0.575 - 7.8× 10−6 −2.4× 10−7 0 0.486
C/2017 E4 (Lovejoy) 477.7 0.998967 - 1.74× 10−7 −7.46× 10−8 0 0.0424
86P/Wild 3 3.62 0.369 0.86 3.1× 10−7 5.7× 10−8 0 0.0405
C/2012 V1 (PANSTARRS) 3785.8 0.99945 - 2.2× 10−6 1.1× 10−7 2.5× 10−7 0.027
C/1996 B2 (Hyakutake) 2272.1 0.99989867 4.2 2.3× 10−8 3.6× 10−10 0 0.0231
C/1998 P1 (Williams) 1698.4 0.999325 - 2.69× 10−7 1.46× 10−8 0 0.0227
41P/Tuttle-Giacobini-Kresak 3.085 0.661 1.4 1.74× 10−8 4.29× 10−9 1.47× 10−9 0.0159
73P/Schwassmann-Wachmann 3-BT 3.09 0.686 - −1.05× 10−7 3.11× 10−8 0 0.0148
147P/Kushida-Muramatsu 3.807 0.276 0.42 2.67× 10−7 −6.9× 10−8 1.63× 10−7 0.0140
C/2002 X5 (Kudo-Fujikawa) 1208.7 0.99984 - 2.52× 10−8 5.83× 10−9 0 0.0127
104P/Kowal 2 3.263 0.639 2 2.2× 10−8 −1.06× 10−10 4.3× 10−9 0.0117
C/1987 U3 (McNaught) 576.5 0.99854 - 8.23× 10−8 3.8× 10−9 0 0.0107
71P/Clark 3.137 0.494 1.36 2.12× 10−8 8.65× 10−9 0 0.0102
27P/Crommelin 9.231 0.91898 - −3.66× 10−8 −1.71× 10−9 2.08× 10−9 0.0057
87P/Bus 3.488 0.376 0.56 2.0× 10−8 −2.33× 10−9 1.15× 10−9 0.0057
141P/Machholz 2-D 3.009 0.751 - 2.27× 10−8 5.86× 10−9 0 0.00415
C/2001 A2-A (LINEAR) 2530.5 0.999692 - −2.11× 10−8 1.92× 10−8 0 0.00404
51P/Harrington 3.714 0.542 4.8 3.87× 10−8 4.0× 10−9 −7.13× 10−9 0.00377
75D/Kohoutek 3.543 0.496 4.6 3.98× 10−8 8.7× 10−9 0 0.0035
C/2014 E2 (Jacques) 688.3 0.99904 - 2.07× 10−8 −2.82× 10−9 0 0.00351
C/2014 Q1 (PANSTARRS) 1129.4 0.99972 - 8.21× 10−9 2.75× 10−9 −5.56× 10−9 0.00339
51P/Harrington-A 3.581 0.562 4.8 2.63× 10−8 3.1× 10−9 0 0.00322
5D/Brorsen 3.101 0.81 - 1.27× 10−8 1.34× 10−9 0 0.00278
73P/Schwassmann-Wachmann 3-E 3.062 0.694 - 1.72× 10−8 5.81× 10−9 0 0.00256
P/2007 T2 (Kowalski) 3.0927 0.775 - 1.32× 10−8 2.31× 10−9 0 0.00252
C/1999 J3 (LINEAR) 1596.1 0.999388 - 2.24× 10−8 −5.42× 10−9 0 0.00246
C/2002 V1 (NEAT) 1010.7 0.999902 - −2.96× 10−9 3.79× 10−10 0 0.00238
21P/Giacobini-Zinner 3.499 0.71 2 3.74× 10−9 −1.04× 10−10 0 0.00232
C/1985 R1 (Hartley-Good) 5982.4 0.999884 - 1.33× 10−8 −2.16× 10−9 0 0.00217
316P/LONEOS-Christensen 4.328 0.166 - 7.34× 10−5 0 0 0.00212
73P/Schwassmann-Wachmann 3-B 3.062 0.693 - 1.49× 10−8 1.96× 10−9 0 0.00212
C/1993 Y1 (McNaught-Russell) 134.76 0.99356 - 1.65× 10−8 1.22× 10−9 0 0.00207
C/1999 T1 (McNaught-Hartley) 8149.7 0.999856 - 2.44× 10−8 −9.59× 10−10 0 0.00198
101P/Chernykh 5.785 0.594 5.6 −5.16× 10−8 1.55× 10−7 0 0.00197
168P/Hergenrother 3.624 0.61 - 2.66× 10−8 2.37× 10−9 −1.25× 10−9 0.00196
76P/West-Kohoutek-Ikemura 3.471 0.539 0.66 −2.18× 10−9 −1.85× 10−10 0 0.00186
252P/LINEAR 3.047 0.673 - 1.05× 10−8 −7.06× 10−9 0 0.00167
88P/Howell 3.11 0.562 4.4 8.41× 10−9 −1.6× 10−9 −5.2× 10−10 0.00164
C/2011 F1 (LINEAR) 2776.2 0.999345 - 5.67× 10−8 −2.5× 10−8 −1.47× 10−9 0.00157
59P/Kearns-Kwee 4.485 0.475 1.58 3.24× 10−8 −1.88× 10−9 2.1× 10−9 0.00154
154P/Brewington 4.883 0.671 - 2.9× 10−8 −2.02× 10−9 −9.65× 10−9 0.0015
C/2012 X1 (LINEAR) 153.3 0.98957 - 3.61× 10−8 2.19× 10−9 5.33× 10−9 0.00148
240P/NEAT 3.866 0.45 - 7.89× 10−8 3.47× 10−8 9.91× 10−10 0.00145
205P/Giacobini-A 3.539 0.569 - 1.38× 10−8 −1.72× 10−8 0 0.00138
141P/Machholz 2 3.019 0.749 - 7.64× 10−9 2.21× 10−10 0 0.00134
2P/Encke 2.215 0.848 4.8 −1.34× 10−11 −2.28× 10−12 1.8× 10−9 0.00133
42P/Neujmin 3 4.876 0.584 2.2 1.27× 10−8 −1.05× 10−9 0 0.00113
255P/Levy 3.038 0.668 - 7.33× 10−9 −4.15× 10−9 0 0.0011
Notes: For every comet we list semi-major axis and eccentricity of its heliocentric orbit, effective physical radius (if available), 3
components of the non-gravitational acceleration at 1 au (Ar , Aϕ, An) = (A1, A2, A3) assuming Marsden et al. (1973) model (8),
and ∆Ω1 — theoretical prediction for the change of spin rate over an orbit for a lever arm parameter ζ = 1 defined by equation
(11). Data on (Ar , Aϕ, An) come from Small Body Database (https://ssd.jpl.nasa.gov/?comets).
